Ir/ TaN as a bilayer diffusion barrier for advanced Cu interconnects
Thin-film barrier layers are commonly needed when integrating materials that are chemically incompatible. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In integrated semiconductor circuit technology, the development of diffusion barrier constructs for interconnect metals is increasingly important. Owing to its low electrical resistivity and high resistance against electromigration, copper has become the dominant material for backend interconnects in Si semiconductor processing. 14 Unfortunately, copper rapidly diffuses in silicon or silicon dioxide, which results in deteriorating device operation. [15] [16] [17] To prevent device failure, a diffusion barrier must be inserted between copper and the underlying dielectrics. The copper diffusion barrier used in current manufacturing is Ta/ TaN. 18 However, as the minimum feature size continues to shrink, the scaling of Ta/ TaN barriers will encounter difficulties. In addition, there is an interest in the utilization of new liner materials for direct copper electrodeposition. 19 Noble metals, including Ru, 20 Os, 21 and Ir, 22 have been demonstrated to undergo direct copper electroplating with excellent conformity and high quality copper texture. However, due to outdiffusion upon heat treatment and the polycrystalline texture of these barriers, these metals are not effective in blocking copper diffusion at high temperatures. For example, a 5 nm thick Ru thin film is an effective barrier up to 300°C annealing. 23 Recent work on 5 nm Ir thin films indicates that Ir can prevent Cu diffusion up to moderate temperatures ͑Ͻ400°C͒. 24 The limiting factor for Ir may be iridium silicide formation at the metal/ silicon interface. There is a significant interest in the use of various nitrides as copper diffusion barriers. [25] [26] [27] [28] [29] For example, the bilayer structures Ru/ TaN ͑Ref. 30͒ and Mo/ WN ͑Ref. 31͒ have been shown to be thermally stable and can provide reasonable adhesion to Cu. As the most common nitride barrier currently used in integrated circuit processing, TaN is an effective barrier, even at very small dimensions. 32 To avoid iridium silicidation with the underlying Si, one can combine Ir with TaN so as to achieve direct copper electroplating and enhance barrier properties against copper diffusion. In this letter, we report on the properties of Ir/ TaN bilayer as a diffusion barrier for copper interconnects.
TaN thin films ͑5 nm thick͒ were deposited at room temperature on Si ͑100͒ wafers by magnetron sputtering using a 3 in. stoichiometric TaN target. Ir thin films ͑5 nm͒ were then deposited in situ on top of the TaN films to form bilayer barriers. Before deposition, the substrate was etched in 7:1 buffered oxide etch ͑BOE͒ to remove the native oxide, followed by de-ionized water rinse. The base pressure of the chamber was on the order of 5 ϫ 10 −7 Torr. The working pressure of Ar gas was kept at 5 mTorr throughout the deposition. The rf sputtering forward power for TaN was 200 W with a deposition rate of 0.7 Å / s. The dc sputtering power for a 3 in. Ir target was 100 W. Under such conditions, the measured Ir deposition rate was 0.95 Å / s. During the deposition process, the substrates were rotated at 20 rpm to ensure film uniformity.
A 200 nm thick Cu layer was then deposited on top of the iridium barrier in situ at room temperature without breaking vacuum. The dc sputtering power for Cu deposition was 200 W. The chamber pressure was kept at 5 mTorr Ar throughout the process. Diffusion barrier properties were examined by annealing the structures in vacuum at a base pressure less than 10 −5 Torr over a temperature range of 400-800°C for 1 h. The film crystallinity and intermetallic phase formation were determined by using a Philips APD 3720 x-ray diffractometer ͑XRD͒. The interfacial stability of the film stack and copper depth profile were examined by using a JEOL 2010F high resolution transmission microscope ͑HRTEM͒ along with a JEOL Superprobe 733 energydispersive spectrometer ͑EDS͒. The surface morphology of the films was examined by using a JEOL 6400 scanning electron microscope ͑SEM͒. Figure 1 shows the x-ray diffraction patterns for the asdeposited and annealed barrier stacks. Before annealing, a strong Cu ͑111͒ peak and a weak Cu ͑200͒ peak were present along with Ir ͑111͒ crystalline orientation. After heat treatment, the Cu ͑200͒ diffraction peak disappeared, and the Cu ͑111͒ texture became sharper. Note that the copper electromigration resistance should be enhanced by the realization of a better Cu ͑111͒ texture after high temperature annealing. Upon annealing of up to 600°C for 1 h, the integrity of the Ir/ TaN was maintained, with no copper silicide peaks shown in the x-ray diffraction pattern. by the SEM images, in which no copper silicide crystallites were observed. The onset of copper diffusion through the barrier occurred upon annealing at 650°C, as evidenced by the appearance of the copper silicide peaks. After annealing at 800°C for 1 h, no Cu peak was present, indicating complete Cu diffusion through the Ir/ TaN barrier into the Si substrate. The high temperature performance of this bilayer as a copper diffusion barrier can be primarily attributed to the thermal stability of the nanocrystalline TaN layer, 32 which effectively blocks Cu diffusion up to 600°C. Figure 2 shows the cross sectional HRTEM images of Cu/ Ir/ TaN / Si film stacks before and after annealing at 600°C for 1 h. As shown in the image of the as-grown stack, the barrier thickness is approximately 5 nm for both the iridium and tantalum nitride barriers, matching the deposition target thickness. This confirms the precise control of the barrier thickness through sputter deposition. Note that a thin native SiO 2 layer at the Si interface presumably formed after BOE and subsequent to loading into the chamber. For some samples, the time delay between BOE and loading into the chamber was 2 h. The thickness of the SiO 2 interfacial layer was typically 1 -3 nm and did not correlate with barrier layer processing conditions. The interface integrity and abruptness of the barrier stack before annealing is clearly seen in Fig. 2͑a͒ . After annealing, as a result of outdiffusion, the iridium barrier expanded toward both sides. However, the TaN / SiO 2 / Si interface remained intact upon annealing at 600°C, as seen in Fig. 2͑b͒ . No intermetallic compounds were detected at the interfaces, which is consistent with the previously shown XRD data.
The atomic depth profiles for Cu/ Ir/ TaN / Si film stacks before and after annealing at 600°C for 1 h were acquired by using the EDS on cross sectional TEM samples at an accelerating voltage of 200 kV. Note that the EDS detector has a limited ability to differentiate between Ta and Cu signals through line scans. As such, the Ta signal overlapped the Cu signal in the entire region of the Cu layer for both cases. As seen in Fig. 3 , the Cu intensity profile sharply declined as the scan moved into the Si substrate for the as-deposited stack. After annealing, the Cu intensity profile showed minimal change. The Cu intensity returned to its baseline as it moved into the Si substrate. Hence, Figs. 3 and 4 may have limited relevance. It is difficult to assess whether Cu has penetrated the barrier and reacted with Si. This reflects the limitation of EDS in achieving sharp spatial resolution for elements with similar EDS peak locations. Compared to the Ir EDS intensity profile before annealing ͓Fig. 3͑b͔͒, the Ir intensity profile widened after annealing, as seen in Fig. 4͑b͒ . This is consistent with the HRTEM images shown in Fig. 2 , which show the expansion of the iridium layer as a result of diffusion after annealing. In summary, we examined the performance of an Ir ͑5 nm͒ / TaN ͑5 nm͒ bilayer structure as a diffusion barrier for Cu metallization in Si. The XRD data showed that no copper silicide diffraction peaks were present after annealing at 600°C for 1 h, indicating excellent thermal stability for the Cu/ Ir/ TaN / Si stack. The HRTEM images showed that the integrity of the stack interfaces was intact and no intermetallic compound was formed after annealing at 600°C. The elemental EDS profiles showed a sharp decline in the Cu intensity profile at the barrier/substrate interface, indicating no Cu diffusion into the Si substrate. The above results indicate that an Ir ͑5 nm͒ / TaN ͑5 nm͒ bilayer is an effective barrier for blocking copper diffusion of up to 600°C for 1 h.
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